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ABSTRACT

This is the first volume of the final report in a study of reentry effects on signal transmission
from slender cone bodies at ICBM velocities. The report gives results of state of knowledge
surveys of fluid mechanics methods and electromagnetic phenomena. Results of illustrative
calculations are also given in many of these areas, Antenna breakdown is found to be the
most important problem in reentry transmission effects, as well as the least well understood.
Recommendations for needed research are given, including hig . gas temperature and
convection experiments and theoretical analyses of temperature, convection, and flow field
gradients eifects. High altitude flow field development and studies of thermal nonequilibrium

effects are recommended also.
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SECTION 1
INTRODUCTION

This is the final report of a study of reentry effects on ECM antenna systems, in which data
have been collected with the aim of aiding tha antenna designer predict and, if possible,
avoid such reentry effects. Much of these data are qualitative and some of it based on poorly
understood phenomena in the present state of knowledge of the limiting technologies. T.as
there is the need for critical evaluatioa and the formulation of recommendations for further

study, as have been done.

1.1 OBJECTIVE OF STUDY

The objective of this study is the preparation of a document to serve as a compendium of

design data and principles for .'ntennas compatible with slender body vehicles which reenter
at ICBM velocity. Tuis study gives consideration to flow field analysis, antennas, linear
plasma effects, untenna breakdown, nonlinear attenuation, alleviation techniques, and the
preliminary design of recommended flight experiments. In most of these areas the emphasis
is placed on a survey of present knowledge and methods of prediction and control. Limited
illustrative calculations have been carried out in many cases The problem of reentry

effects on antenna breakdown is stressed.

1.2 BZ2CKGROUND
The above objective is stated in terms of a technology problem, the solution of which has

application to the design of antennas for reentry vehicles. The basic problem is the predic-
tion and. control of the effects of the reentry induced environment on the antenna performance.
Attention is limite':i to the reentry flow field of a slender cone vehicle reentering the atmos-
phere with ICBM velocity. The aspects of the flow field which are important to the antenna
performance are the profiles of gas species concentrations, inc-ludmg excited states, tempera-
tures, velocities, and electron density in the body flow field (wake flow, except possibly base
flow and near wake in rare cases, is unimportant). An important part of the problem of flow
field characterization is the variation with altitude during reentry of each of the above
quantities.




The presence of appreciable levels of ionization in the reentry flow field can lead to various A’ ; |
linear plasma effects. Linear effects, which are defined as being independent of the antenna i
input power, can be expected at low input signal levels. They include but are not limited to

attenuation, antenna input impedance changes, and antenna pattern distortion, These effects

depend on the electron density, gas density, and temperature profiles over the body.

When the input signal level to the antenna cannot be assumed to be arbitrarily small, then it
is possible for nonlinear plasma effects and breakdown to be ir.portant, Nonlinear plasma
effects can take many more forms than linear effects, in that the signals which are input to
the antenna can change the electromagnetic characteristics of the flow field in many different
ways which depend on the nature of the signals as well as on the flow field properties, How-
ever the same basic flow field properties are important in nonlinear as in linear effects,

provided breakdown has not yet been reached.

Antenna breakdown is reached when the input signal level becomes so strong that the anteuna

field ionizes the air around the antenna to the extent that signals can not propagate through A)

to the receiver. This phenomenon takes place in a static cold air environment at a given

altitude even without the effects of the reentry environment; however, the presence of

hypersonic flow field conditions can change significantly the input signal level at which it

takes place. Since cold air static breakdown can easily be measured in a laboratory vacuum

chamber for a given antenna, the important. thing to be determined about the effects of the

reentry environment is just what change in the breakdown signal level versus altitude they

will cause. Here the antenna field is a cause of electron sources and sinks as a function

of the gas species concentrations, excitation levels, and velocity; thus these parameters

as well as flow field ionization must be established to determine the reentry effects. In !
addition, the aititude region ir which breakdown is important is so high (especially at the

lower end of the frequency spectrum of reentry signal transmission systems) as to require i

stady of the limits of the continuum regime of fluid mechanics,

1-2
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1.3 FORMAT OF REPORT
After a short summary of the findings of this study, this report gives each technical prob-

lem area in the form of a survey, followed by a few illustrative calculations. The flow

field section treats a limited number of calculations of importance in antenna breakdown

for a typical vehicle configuration and velocity-altitude trajectory. The main emphasis on
antennas is the estimation of diffusion length for use in breakdown calculations. In the
section on linear plasma effects, the electron density levels which would be detrimental

to the proper functioning of antennas on conical vehicles are indicated so that the vehicle
designer can determine to what extent he should attempt to reduce the flow field plasma
level. A complete survey of the theory of classical breakdown and of reentry effects is
given, followed by illustrative calculations of normalized antenna breakdown power in a
typical reentry environment, This section also presents a convenient closed form expression
for breakdown power of an antenna, The section on nonlinear effects is concerned mainly
with a survey intended to assess the relative importance of these effects without going into
details of the theory, since this is a tremendously large and complicated subject. Alleviation
techniques are surveyed with the purpose of indicating which might be useful. Recommenda-
tions are given on the importance of various aspects of the problem and on further research
which is needed to provide definitive design data and systems limitations. Classified aspects
are given in the second volume, including analyses of previous flight experiments and

recommendations for future ones,




SECTION 2
SUMMARY

The electron density levels at which linear and noulinear plasma effects on signal transmission

from a slender cone reentry body become important are evaluated. Flow field technology

and illustrative calculations show that these plasma effects can be avoided on a properly

designed vehicle. A survey of reentry antenna breakdown brings out many important factors. i
The state of knowledge of antenna breakdown effects is such as to leave several important

technology problems still to be solved. There is a need for more experimental and theoretical
research in these areas. However, a closed form exp.ession for reentry antenna break-
down power is given. This expression is sufficiently general to fit the available applicable
experimental data, and it is probably accurate enough to give crude but conservative extimaces

of reentry effects.

2-1/2
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SECTION 3
FLOW FIELD ANALYSIS

3.1 SURVEY OF FLOW FIE LD TECHNOLOGY

A literature survey of theorectical techniques which are capable of describing the flow field

environment about a body during atmospheric reentry is presented in the form of a categorized
review and reference list. The survey was limited to within the United States, and the sources
of information include the prominent journals and texts. In addition, thirty-seven organiza-
tions and individuals known to be involved in this type of work were solicited for inputs. How-
ever, because only seventeen of these requests were acknowledged, the survey, although
extensive, cannot be considered complete. It is restricted in scope to axisymmetric or
three-dimensional bodies within the continuum regime of reentry and to flows which are
steady, compressible,and attached (as distinguished from separated boundary layer, shear
layer, near or far wake flows). The material is divided into three main categories: the
inviscid shock layer, the boundary layer, and the fully viscous and merged layers. These
main categories are sub-divided under the headiags of the;’modynamic equilibrium/ideal gas
and nonequilibrium gas, and the inviscid shock layer is farther divided into flows which are
locally subsonic or supersonic. For the consideration of the reader who is not completely
familiar with the reentry flow field problem, an introduction is presented which includes a

discussion of the problem and definitions for many of the specialized terms.

3.1.1 INTRODUCTION

In the reentry body flow field problem the word "reentry" is quite generally (and herein) taken
to imply that the velocity of a body as it begins its descent into a planet's atmosphere is less
than the velocity required to escape the planet's gravitational attraction. The escape velocity
from earth is approximately 37, 000 feet/second, and typical reentry velocities will range
from 15, 000 to 25,000 feet/second. This aspect is important in that, for reentry velocities,
the energy losses within the flow field due to radiation are of a secondary nature and, as
pointed out by Grusyczynski and Warrenl, can be neglected; however, for entry velocities,
radiation effects must be taken into account.

3-1
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Another aspect of the problem which should be clarified is that the words "body flow field"
denote the flow field about the forebody of the reentry body as distinguished from the flow
field in the base region or the near or far wake regions.

The flow field environment which developes about a vehicle during atmospheric reentry has
been divided into seven regimes by Probstein2 in an analysis based on the stagnation region
of an approximately spherical body. With Aw denoting the ambient mean free path, Rb the
body radius, and € the ratio cf the free stream density to the average density in the stagna-
tion region, the four regimes within the continuum are defined by Probstein as follows:

Fully Merged Layer Regime
R, /10<A <R
Incipient Merged Layer Regime (:)
G%R /10<A <R /10
b w b
Viscous Layer Regime

%
<A <
€ Rb/lo Aw € Rb/lo

Boundary Layer - Inviscid Layer Regime

7\” € Rb/IO




Q

For typical earth reentry, the average density ratio € will be about 1/10. For a nose radius
of 1/2 inch and taking A from the 1952 U.S. Standard Atmosphere Tables, the above four
oo

regimes in terms of altitude (kilofeet) are:

235 < Fully Merged Layer < 285
210 < Incipient Merged Layer < 235
175 <Viscous Layer <210

Boundary Layer - Inviscid Layer < 175

Under the same conditions except for a nose radius of one foot, the above regimes will shift

upwards by about 70 kilofeet.

In both of the merged layer regimes, the shock wave* which envelops the reentry body is not
a discontinuity but as Probstein points out is relatively thick, ranging from a value of about
Rb/3 at the upper limit of the fully merged layer regime to about Rb/90 at the lower limit of
the incipient merged layer regime. Throughout both of these regimes transport effects
(thermal conductivity, viscosity and difusion) are of primary importance, and must be
included in the analysis of both the shock wave and the intervening shock layer between the
back face of the shock wave and the body surface. For both of the merged layer reéimes,
Probstein recommends the solution of the Navier-Stokes equations (along with the continuity,
energy, and state equations) including t--ansport effects, with the boundary conditions deter-
mined by the body and free stream. However, Cheng199 has pointed out that when the shock

wave thickness can be neglected compared to the body radius (which on a 1/10 basis includes

21l of the iacipient merged layer regime and about 70 percent of the fully merged layer regime), J

the shock wave thickness effects are secondary compared to the substantial changes** in the

* The shock wave is sometimes referred to at the shock transition zone, particularly when
it is not of infinitesimal thickness.
**+ For flow across an oblique shock wave of infinitesimal thickness bounding a f'ow field
region in which transport effects (viscosity, condu-tivity and diffusion) can be neglected,

i.e., for inviscid flow, the velocity component tangent to the shock wave and the stagnation
enthalpy (total energy) remain unchanged across the shock wave. The value of this velocity
component will depend on the shock wave angle, whereas the value of the stag'nation enthalpy

does not. The equations governing this type of flow can be found in Shapiro and are gen-
erally referred to as the Rankine-Hugoniot relatione. _—




tangential velocity component and the stagnation enthalpy across the shock wave caused by

the transport processes. Cheng, therefore, maintains that the shock wave can be treated as

a discontinuity whenever its thickness is negligible compared to the body radius and the flow
across it adequately described by the Rankine-Hugoniot relations after they have been modified
to account for transport effects. Thus, over a substantial part of the merged layer regimes,
the modified Rankine-Hugoniot relauons ~an be used to provide outer boundary conditions for

the shock layer ~olution.

In the viscous layer regime, transport processes are of primary importance within the entire
shock layer, but the shock wave is thin enough to be considered a discontinuity and the Rankine-
Hugoniot relations provide the properties behind it to be used as boundary conditians for the
shock layer solution.

In the boundary layer - inviscid layer regime, the shock wave thickness is on the order of
several ambient mean free paths and is, therefore, a real physical discontinuity. Transport U
cffects a~e important in the region of the shock layer adjacent to the body surface (the
boundary layer), whereas they are ngeligible in the shock layer region adjacent to the shock
wave (the inviscid layer*). In this case the reentry body flow field problem c#: "2 solved
separately in each of these regions by matching the flow properties 2t the interface, i.e., the
boundary layer edge. This matching process is aone as follows. An inviscid layer solution
is obtained as if there existed no boundary layer on the body, i.e., the body surface is treated
as the zero streamline. The distribution of flow properties along the inviscid zero stream-
line are then used to previde boundary layer edge conditions and a boundary layer solution is
obtained which determine the actual mass flow within the boundary layer. By matching this
mass flow to that contained within the appropriate streamline in the inviscid solution, a new
distribution of preperties for the boundary layer edge conditions is determined. If this
distribution of properties differs significantly from the first distribution, the boundary layer

must be recalculated ueing the new edge conditions until satisfactory agreement in the edge

* Because the free stream is isoenergetic (constant sragnation enthalpy) and the flow across
the shock wavs is adiabatic, the inviscid layer is also isoenergetic. e




)

conditions from one iteration to the next s obtained. (When this iteration process is required
to match edge conditions, it is referred to as the vorticity interaction problem.) After the
edge conditions are matched satisfactorily, the boundary layer solution is used to calcviate
the boundary layer displacement thickness, which is the distance the inviscid layer is
displaced away from the body surface by the boundary layer. If the displacement thickness
can be neglected compared to the shock layer thickness, then the matched inviscid layer -
boundary layer solution has been obtained. However, if it cannot be neglected (which is
referred to as the displacement thickness probiem), then the displacement thickness must be
added to the body surface and the inviscid shock iayer recalculated treating the displaced
"body" surface as the zero streamline. Starting with the boundary layer in which the edge
conditions were matched for the original body, the matching process descrit.zd above must

be repeated for the displaced '"body. "

Due to the nature of the boundary iayer problem, the coordinnte system selected for the
solution is always located on the body surface. In the axisymmetric case (as a simple
example), the boundary layer equations in the surface coordinate system will involve both the
transverse radius of curvature (the radial, or normal, distance from a local point in the
boundary layer to the axis of symmetry) and the longitudinal body radius of curvature (the
body surface radius of curvature in a meridinal plane). If the boundary layer thickness is
small compared to the tfansverse radius of curvature, the transverse radius of curvature
can be approximated by the body radius, i.e., the radial distance from the body surface to

the axis of symmetry.

If in addition the transverse curvature effect is neglected, the governing equations* constitute
what is known as first - order boundary layer theory. If either transverse or longitudinal
curvatur = effects are takep {nto account, it is referred to as second - order boundary layer
theory.

* WiﬂﬂnThe boundary layer, neglecting the longitudinal curvature effect is equivalent
to neglecting the transverse pressure gradient as shown, for example, in Chenglgg.
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To make the boundary layer problem more tractable, the longudinal and traverse coordin-
ates are usually recast to simplify the form of the governing equations. For compressible
flowe the Howarth - Dorodnitsyn transformation is often applied, which reduces the equations
to the incompressible form by setting the transformed transverse coordindate proportional to
the integral of the gas density cver the physical transverse coordinate. In general, the
boundary layer edge and wall (body surface) conditions will vary with the longitudinal coordin-
ate. In some instances it is possible to recase the longitudinal coordinate and the dependent
variables so that the transformec boundary conditions are constant and the wall and edge
conditions appear in the governing conditions grouped as terms which are constant or which
vary slowly with the transformed longitudinal coordinate. In the case when these terms are
constant, i is called a similarity transformation, and the proble: reduces to a two point
boundary value problem because the dependent variables are functioas only of the transverse
coordinate. In the cr3e when these terms vary slowly with the transformed longitudinal
coordinate (2o that they may be considered constant at any fixed value of the coordinate),

the boundary layer problem again reduces to a two point boundary value problem, and the Q

transformation is referred to as locally similar.

For the inviscid shock layer solution, the origin of the coordinate system is usually located

at the apex or nose of the shock wave or nose of the shock wave or body, but is not necessarily
made to coincide with t'.e shock wave or body surface. If the reentry body has a sharp nose,
the shock wave will be attached at the apex and the flow within the shock layer will be locally
supersonic. If the reentry body has a blunt nose, the flow within the shock layer in the nose
region is locally subsonic and becomes locally supersonic as it expands around the body.

This fact complicates the blunt body problem because the governing partial differential
equations are elliptic in the subsonic region, parabolic on the sonic surface and hyperbolic

in the supersonic region. Where the flow is locally supersonic, the well established method
of cLaracteristice can be used. Where the flow is locally subsonic, the inviscid shock layer
golution must be obtained by other methods such as finite difference methods, the method of
integral relations, or Taylor series or other expansions. These methods are classified as
either inverse or direct. In the inverse methods, the coordinate system is made to coincide 9
with the shock wave, the contour of which is 2ssumed. The blunt body problem is then solved
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as an initial value problem, proceeding away from the specified shock wave contour until the
body surface is determined by mass flow conservation requirements. By judicicusly selecting
the shock wave contour, the resulting body shape can be made to closely approximate the
desired one. However, because the governing equations are elliptic, the initial value problem
is not well posed and numerical techniques for its solution are inherently unstable. Although
this presented sevious difficulties in some of the first applications of the method, it has to a
large extent been overcome by better integration techniques, coordinate transformations and
other improvements. In the direct method the coordinate system is located on the body, and
the inviscid blunt body problem is solved as a boundary value problem whether the posi-

tion of one of the boundaries is unknown. The location and shape of the shock wave is, there-

fore, determined in the process.

A relatively new and very promising method of solving the steady reentry bedy flow field
problem is the asymptotic time method proposec by Crocco4 in which the steady fiow field

is recognized to be the state attained through any transient process after infinite time. The
inclusion of the transient terms in the governing equations makes them hyperbolic and there-
fore amenable to sclution as an initial value rather than as a boundary value problem. In
theory the method is capable of solving the complete viscous shock layer problem as has

been demonstrated by Scala and Gordon.

At reentry velocities, the thermal environment within the shock layer is so high that the
internal energy modes of the gas molecules (rotational, vibrational,and electronic states)
become excited and chemical reactions, including dissociation andAionization, occur. In this
case the shock layer properties cannot be accurately prescribed by treating the gas as ideal,
i.e., as both thermally perfect (for which the pressure is proportional to the product of the
gas density and temperature) and calorically perfect (for which the specific heat capacities
are constant). At the lower altitudes (below approximately 100 kilofeet for typical earth

reentry), this problem is rather easily resolved because the gas is in local thermcdynamic
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equilibrium. * At the higher altitudes of the contimium regime, however, this problem is
considerably more difficult because the gas is not in local thermal or chemical equilibrium
throughout a substantial part of the flow field. In this case,to accurately describe the flow
field properties, the finite rate processes for both thermal nonequilibrium and chemical
nonequilibrium and their coupled effects must be taken into account.

3.1.2 REVIEW

In the following review the attempt has been made to identify each reference with enough
clarity to enable the reader to determine whether or not the referenced work is pertinent to
his particular interest. In most cases the method of solution, salient characteristics, and
results are indicated. In certain cases where (in the author's opinion) a substantial contri-
bution has been made which might not be extensively known, the work is discussed in more
detail. It is by this aspect alone that the review is intended to be a critical one.

In the interest of brevity the following abbreviations have been employed:

MOC = method of characteristics

A/2D - axisymmetric or two-dimensional
3D - three-dimensional

E/IG - equilibrium or ideal gas

Le = Lewis number

Pr - Prandtl number

* The word "local" is used in the macroscopic sense to denote a fluid element which con-
tains enough gas particles to constitute an ensemble, i.e., its average properties are the
most probable ones determined by statistical analysis of all possible quantum states of the
gas. Thermodynamic equilibrium is defined to include mechanical, thermal and chemical
equilibrium. For mechanical equilibrium, which is defined in the D'Alembert sense treating
the fluid mass acceleration as an inertial body force, the sum of forces acting on a fluid
element is zero. In thermal equilibr‘um the energy of each gas particle is partitioned
equally per degree of freedom (equilabrated) among the energy modes. In chemical equil-
ibriam the relative concentrations of the component species of the gas are established by the
equilibrium of all possible chemical reactions. The concept of local thermodynamic (or
mechanical, thermal or chemical) equilibrium in a flowing gas is applicable only when the
effects of property gradients throughout a fiuid element (ensemble) can be neglected. It is
not applicable for example in strong shock wave flow for which some of the property gradients
are appreciable.
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3.1.2.1 Inviscid Shock Layer

3.1.2,1,1 Equilibrium or Ideal Gas

3.1.2.1.1.1 Locally Supersonic Flow. The conical flow problem is treated in detail by

Shapiro7. For an ideal diatomic gas tabulated results are presented by Kopal8 and Wang
et a.l and graphical results by Dailey and Wood and the Ames Research Staﬂ11 The
method was extended to equilibrium air by Johnson12 whose results show that at hypersonic
speeds the conical solution is substantially affected by equilibrium gas properties being
characterized by a thinner shock layer, lower pressure, significantly lower temperature,

higher velocity,and significantly higher density than for an ideal diatomic gas.

The A/2D MOC solut.ion for rotational flow of an ideal gas is treated at length by Fern13
and Isenberg and Lin - The meathod has been extended to equilibrium air by Gravalos et
ah.‘69 and many others (e.g., Powersls, Dresserm, Inouye et al.sg). Edsa,ll17 improved
the standard method by interpolating for the entropy of a streamline in a table constructed
from the starting data and calculated shock points, thereby eliminating the necessity of using
the projected velocity vector to linearly interpolate for the entropy at a grid point. Gravalos
et al| e have expanded the method to provide for bodies with compression corners which
result in secondary shock waves. Field and surface properties are furnished for a sphere-
cone-cone at Mach 10 for both equilibrium air and ideal gas. Davis19 has developed an
A/2D, E/IG solution which provides for expansion corners, compression corners,and shock

wave intersections.

Flow over an axisymmetric body at small angle of attack can be determined by a limited
application of the 3D MOC. The method is described in detail by Ferri®’ 2 and Whitham
and consists of solving the 3D characteristics equations by a perturbation technique, retain-

21

ing only linear terms in angle of attack and obtaining the necessary zeroth order quantities
from the axisymmetric MOC solution. Ideal gas results for cones are presented by Stone22

3-8




2 2

and Rakich . and for sphere cones by Rakichza, Ferri24 and by Brong and Edelfelt B who
also extended the method to equilibrium air. Ra!dch26 broadened his previous work to
equilibrium air and presents a comparison of equilibrium air and ideal gas results for

cones, sphere cones and ogives.

The 3D MOC solution for steady rotational flow is treated by Holt?'7 and Coburnzs.

Moretti et a.l.29 have developed and applied the method to a variety of 3D and axisymmetric
bodies at angle of attack for both equilibrium air and ideal gas. Pridmore Brown and
Franksao have extended the method to provide for secondary shock waves; however, no
applications are presented. C. W. Chu31 has developed the method with an improved
integration technique. Instead of satisfying the compatability relation exactly a.lon%tgree
arbitrarily selected bicharacteristics from the base of the Mach cone to the veriex, Chu
approximately satisfies it for all (infinitely many) of the bicharacteristics on the Mach cone.
He does this by minimizing the root mean square of the residual function determined from
the compatability relation which requires the evaluation of three contour integrals aiound
the Mach cone base, 3trom32 has extended the method to provide “-r a gas which is

frozen along streamlines but may havo a different composition on eack streamline.

Thommen and D'Attore33 have shown that the finite difference scheme of Lax and Wendoroff
can be applied successfully to the 3D supersonic inviscid flow problem.

3.1.2.1.1.2 Locally Subsonic Flow. The blunt body problem was first reviewed by Van

DykeM, who also developed an inverse numerical solution, and later extensively by Hays

and Probaioin and Swigert™’ 0,

repeated here, and the reader is referred to Hays and Probstein35 for reviews on references

34 and 37 to 44, and to Swigertas’ - for reviews on references 45 to 53.

The work which was covered in these reviews will not be




Maslen54 and Cheng and Gaitatzcs %5 have developed inverse blunt body solutions using the

thin shock layer approximation which, considering their simplicity, show excellent agreement
with results of exact solutions, Van Tuyl56 has developed an approximate blunt body solution
using Pade fractions (ratios of polynomials) to approximate the terms in the double power
series expansion method and shows good agreement with exact solutions for spherical noses,
Kao57 has developed a dircct series truncation blunt body solution for the zero angle case

which is analogous to Swigert's34 method for angle of attack,

Lomax and Inouye58 have solved the inversc blunt body problem by numerical integration in
physical coordinates using a predictor - co-rector and a smoothing technique, Extensive
tavles for spheres in eg:ilivrium air which include surface and field properties are presented
at aititudee between .00 to 300 kft and free stream velocities between 10 and 45 icft /8sec

(a best buy), Inouye et al. 57have coupled the solution of Lomax and Inouyc with the method

of characteristics. Ideal gas results for the surface and shock of a sphere-cone, an ellipsoid
cylinder,and a sphére—cone—cylinder—ﬂare are presented. Dresser and Anderzzon60 have
developed a numerical inverse axisymmetric solution and furnish results for = sphere-cone
cylinder. Joss = has broadencd the numerical inverse method to include axisymmetric

bodies at angle of attack for ieal gas, Webb et al. " have produced a finite difference inverse

solution similar to Joss61 and furnish resuits for the Apollo body.

The axisymmetric direct blunt body problem using Dorodnitsyn's method of integral relations
has been solved by Traugottss’ b for an ideal gas and by F\«:ldman65 and Kuby et 31.64 for
equilibrium air and extended to angle of attack by Waldman47, Vagl io-Laur'u;67 and Leigh and
Rothrockss. However, Leigh and Rothrock found that when the entropy differential equation
is properly treated the method of results iu an overdetermined system of equations evidently
caused by the boundary conditions of the shock. Gravalos et al. - have developed an
axisymmetric direct finite difference method for the blunt body problem in which the body
pressure distribution and shock wave are initially prescribed and the governing equations in
intrinsic coordinates are solved. Based on the results of the solution,the shock wave and
surface pressure are modified and the solution is repeated until the boundary conditions are
satisfied to “;ithin a specified tolerance., Waiter and Arrderson70 have also produced this

type of solution, 3-11

.
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The direct blunt body problem has also been solved using the asymptotic time approach,
Bohuchesky and Rubin48 and Bohachesky and Mates49 have developed this type of method
in which the governing equations are solved by finite difference ,with the free stream and
body as initial conditions allowing the shock wave to develop and present ideal gas results
for the Apollo body at angle of attack. Moretti et 9.1.71'72
improvement in the finite difference asymptotic time method by treating the shock wave as

have achieved a significant

a moving discontinuity, and furnish ideal gas results for different configurations, Webb and

75,76
al

Dresser74 have produced a solution similar to that of Moretti's. Sauerwein nd

Boericke and Brong77 have applied the asymptotic time approach to the blunt bedy problem
using the unsteady three-dimensional method of characteristics., However, this method

appears to be considerably less efficient and accurate than that of Moretti's method.

3.1.2.1.2 Nonecuilibrium Gas

O

3.1.2.1.2.1 Locally Supersonic Flow, The two-dimensional axisymmetric method of
characteristics was first extended to a nonequilibrium gas by Wood and Klrkwood78' 79 a

B.T. Chu80 who showed that, for gas in thermal or chemical nonequilibrium, the

nd

characteristics waves are propagated at the local frozen acoustic speed. Sidney et al
L., have applied the nonequilibrium method of characteristics to wedges and

cones for the vibrational relaxation of an ideal diatomic gas using the harmonic oscillator

as a model, Their results show that vibrational nonequilibrium causes curvature in the
shock wave and the surface pressure overexpands from the fruzen value at the cone tip (which
is larger than the equilibrium value because of the larger shock angle at the tip) to below

the equilibrium value and asy:nptotically approaches from below,whereas the gas temperature

5
e, o have

asymptotically approaches the equilibrium valie from above. Spurk et al.
developed a thermal equilibrium chemical nonequilibrium characteristics solution fora 5
species - 10 reactions air system and furnish results for the distribution of surface

87,88,89

properties and the shock wave shape for both cones and wedges. Gravalos et al,

have developed a thermal equilibrium chemical nonequilibrium characteristics solution for 9
a 7 species - 7 reacticns air system which provides for an ¢xpansion corner on the
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body. Results arz presented (in reference 87) for a 45o cone with a 390 expansion corner,
Wood et al. 0 heve developed a characteristics solution with both vibrational nonequilibrium
and chemical nonequilibrium for a 7 species - 7 reaction air system, The harmonic
oscillator model i used for the vibrational relaxation of molecular oxygen and nitrogen and
the effect of vibrztion on their nonequilibrium dissociation rates are taken into account.
Thermal equilibrium resuits are presented for a sphere - cone, and both vibrational and
chemical nonequilibrium results for an ogive, Their sphere-conz results also show that the
nonequilibrium streaiatube gives excellent results for the eleciron density distributions,
Kliegel et al. p have developed a characteristics solution for chemical nonequilibrium

(6 species-6 reactious air system) with the provision for treating vibrational relaxation
(without vibratior.al - dissociation coupling) using the anharmonic oscillator model. Thermal
equilibrium results are presented for the surface profiles of a cone-cyiinder, South92 $

and South and Newman94 have applied Dorodnitsyn's method of integral relations to flow

over pointed bodies (locally supersonic flow) of a vibrationally relaxing ideal diatomic gas
and found that the method did not give the proper asymptotic behavior because of the improper
weighting of the frozen flow boundary condition at the shock wave. This difficulty was overcome
(in reference 94) by weighting the shock wave boundary condition and their results for a two

strip approximation agree well with the characteristics solution of Sedney and Gerbersa.

3.1.2.1.2.2 Locally Subsonic Flow, The blunt body problem for a nonequilibrium gas was

first solved by Lickgs’ §e using a mumerical inverse method for the subsonic region and the
method of characteristics for the supersonic region, His results are for thermal equilibrium
and although necessarily based on poor reaction rates show that nonequllibrium effects do not
significantly affect the static pressure in blunt body flows, Hall et al, have also used 2
numerical inverse method to solve the blunt body problem for a thermal equilibrium chemical
nonequilibrium 7 species - 7 reactions air system, Results are furnished for body surface and
tield “roperties for a spherical nose and binary scaling is demonstrated, Additional results

whicn have been obtained from this solution are presentod by Gibson and Marrone98 . 35

and by Wurster and Marrone 101,102 paged on the work of Treanor and Macrme 1AW

IVIarrone106 expanded the solution of Hall et al. to include vibrational nonequilibrium which
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treats both coupled vibration - dissociation and dissociation - vibration effects. The
vibrational energy levels are prescribed from spectroscopic data and "preferred"
dissociation from the upper vibrational levels is allowed by an arbitrary exponential
probability, A Boltzman distribution is assumed for the vibrational level populations.
Vibrational chemical nonequilibrium results are presented for the hypersonic flow of oxygen
over a spherical nose. Lee and Chuun have produced a numerical inverse blunt body solution
for thermal equilibrium chemical nonequilibrium (5 species - 6 reactions air system) and
furnish a detailed comparison of their results with those of Hall et al. ' Shih et a1, 198109,
have applied Dorodnitsyn's method of integral relations to the direct blunt body problem for
thermal equilibrium chemical nonequilibrium (5 species - 6 reactions air system). Results
using the one strip approximation are furnished and frozen and equilibrium air results

compared for a sphere,

The nonequilibrium streamtube method is an approximation technique whici can be applied to
either locally subsonic or supersonic flows, Thermal equilibrium chemice{ nonequilibrium O

110,111,112 113

streamtube solutions for air have been developed by Bloom et al, , Lin and Teare ™,

Eschenroeder et al. 114,115,116 53 1.ordi et al. L
equilibrium air flow field solutions by McMenamin and O'Brien118 and Karydasug. Chen and

and superimposed on ideal gas or
Escbenrceder120 have developed a streamtube solution which provides for vibrational

relaxation using the harmonic oscillator model. Dresser et al, Ll have produced a streamtube

solution which allows for both vibrational and electronic relaxation.,

3.1.2.2 Boundary Layer

3.1.2,2,1 Equilibrium/Ideal Gas

3.1.2,2,1,1 First Order. The similar boundary layer solution for this category is treated
by Hayes and Probm:em1 % and the stagnation point boundary layer is an important case of its
application, Libby123 has developed a low temperature air solution with air injection or suction, o

He solves the two point boundary value problem after a transformation to the Crocco variables
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numerically by the ""shooting through" or initial value method determining the necessary initial
slopes at the edge by means of an asymptotic expansion which is valid at the edge. Tabulated
ard graphical results are presented for a wide range of wall conditions anc a comparison with
an approximate integral method is made, Wes’con1 24 has produced a high temperature
equilibrium air solution with air injection or suction, He uses the shooting through method to
oltain the numerical solution by assuming velocity and enthalpy slopes at the wall and iterating
until the boundary conditions at the edge are satisfied. Tabulated profiles for an axisymmetric
stagnation point are provided for a variety of wall conditions. Axisymmetric stagnation point
boundary layers for air have also been developed by Herring125 (without mass transfer)

and by Hoshezaki and Smith126 and Howe and Mersmanlz'7 (with mass transfer). Strom128

has developed a three-dimensional stagnation point finite difference solution with mass transfer,
Axisymmetric similar solutions for other than the stagnation point have been produced by
Waiter and Anderson1 &9 and Grabowlso. Brant and Burke1 = have developed an axisymmetric
locally similar solution for an arbitrary equilibrium gas which may contain many species.
Locally similar three-dimensional (with linearized secondary flow) boundary layers have been
developed by Beckwith132 and Beckwith and Cohen133 for equilibrium air or ideal gas with

no mass transfer, by Polak and Li1 8 for an ideal gas with no mass transfer, and by

135, 136

Hang et al. with mass addition for frozen chemistry.

Integral solutions for the axisymmetric boundary layer have been developed by Moran1 2 and

CarISOn138 for a binary gas and by Liu and Kuby139 for the combustion of a graphite surface

with frozen chemistry in the boundary layer. Ka.ng140 has produced a three-dimensional

integral solution for ideal gas with mass transfer.

Li141 has solved the axisymmetric boundary layer in the stagnation region by a series

expansion method in which,after a transformation to the similarity variables, the velocity,

enthalpy and stream function are expanded in a power series for which the coefficients are

143,144
se

functions only of the transverse coordinate, Pafr142, Krau and Waiter and

Anderson145 have developed A /2D, E/IG boundary layer solutions based on an implicit finite

difference method develojed by Flugge-Lotz and Blottner146. In this method the momentum
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equation is linearized and the boundary layer is solved step wise in the longitudinal coordinate
by inverting a tri-diagonal matrix at each step. Flannelop147 has expanded the method to
three-dimensional boundary layers. Raletz148 and Der and Raetz149 have also developed

numerical solutions for the three-dimensional boundary layer.

The turbulent boundary layer problem has been treated by Croccolso. Denison151 has
produced results for turbulent boundary layer for equilibrium air on an ablating graphite
surface using the Crocco soluticn (total enthalpy and species cross fractions linear function

of velocity) with the Van Driest velocity profile.

3.1.2.2.1.2 Second Order. The second-order axisymmetric/two-dimensional boundary
layer problem has been treated and reviewed by Van Dykelsz’ ks 154. Lewis and

co-workerslss’ 138 and Adams157 have applied the second order theory of Van Dyke using the
numerical method developed by Davis and Flugge-Loi:z158 for a perfect gas. Smith and

A RS WL have solved the second order (transverse curvature) boundary

co-workers
layer prcblem as a sequence of two point boundarv value problems by converting the governing
equation to ordinary equations through the process of replacing the longitudinal derivatives by
their finite difference approximations, The two point boundary value problem is then solved

at each longitudinal station by the shooting through (or initial value) technique. This method
has been applied to equilibrium air flow on a sphere-cone by Lewis and Whitfield L and

Mayne et al. 44 for a binary gas on a sharp cone. Using the implicit finite difference techniaue
of Flugge-Lotz and Blottner146, Ievine165 has developed an A/2D, E/IG second order boundary
layer solution which includes transverse curvature and mass addition.

Similar second-order solutions have been developed for an ideal gas by Maslen166, Yasuha,ra]'67
and Probstein and Elliot168 and for equilibrium air or a mixture of ideal gases (binary diffusion)
by Sagendorphlag. Maslen includes both transverse and longitudinal curvature, whereas the

others include transverse curvature,




3.1.2,2,2 Nonequilibrium Gas

3.1.2,2.2,1 First Order Theory. The similar nonequilibrium gas A/2D boundary layer

problem is treated by DorranceNO. Finite difference solutions have been developed and

applied at the stagnation point by Fay and Riddell171 and Fay and Kaye”z. Fay ~nd Riddell

—— "

used the shooting through or initial value technique and present cataiytic and noncatalytic
wall results for air with P=0, 71, a Sutherland viscosity law and Le =1, 1,4 and 2. Fay and
Kaye used the implicit method for nitrogen dissociation treating *he chemical production
term as a parameter. Other similar solutions have been developed by Moore and Pallloner73
for air, Libby and Pierucci174 for air plus hydrogen,and by %.ivby and Liu175. Locally

similar solutions for trace contaminants in air have been obtained by LenardHG’ 177.

Pallone et al. 178 have applied Doroditsyn's method of integral relati_as to the nonequilibrium
air boundary layer problem. Property profiles at three stations on an 8° cone for three free

strcam conditions and a comparison of the effects of diffusion is made, Smith and Jaffe179

have extended their previous finite difference method to the nonequilibrium gas bou.dary {
layer. Results are presented for a binary dissociating gas. Blottnerlso’ e R has
developed an implicit finite difference solution for the nonequilibrium gas boundary layer |
based on the work of Flugge-Lotz and Blottner. His solution ic capable of treating catalytic |
(recombined) or noncatalytic wall, mass transfer, and multicomponent diffusion for arbitrary
(25 species - 40 reactions) chemical system, Air results are prescuted for a sphere-cone,
cone and hemisphere-cylinder (binary gus). Additional applications of Blottner's solution have
been presented by Leww3. Moore and Lee184 heve developed a solution analegous t»

Blottner's.

Approximate solutions for the nonequilibrium gas boundary layer have been produced by Fost
and Haydaylsa. Fox solves the problem in terms of the eigenfunctions of the basic boundary
layer operator for a ideal dissociating gas. A particular solution is required for the species
equation and, hence, the method is not applicable to multicomponent-multireaction system,
Hayday uses an asymptotic series expansion method in which the coefficients are evaluated by
approximately integrating the governing equations. Results are present only for an equilibrium

air stagnation point,
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Binary scaling laws have been developed by Lee and Levinsky187 and Levinsky188 for cones
in pure air and will be extended to cones at angle of attack by Lee and Bakerlsg.

3.1.2,2,2.2 Second Order Theory. No publications available in this category.

3.1.2,2 “.iscous Layer - Merged Layer

3.1.2.3.1 Equ!librium or Ideal Gas

The fully vigcous layer and merged layer problems are treated by Hayes and Probstein
191

Chen et al. have golved the viscous 'tyer stagnation region problem for an ideal gas with

190

mass transfer. Modified Rankine-Hugonoit relations and a linear viscosity are employed.
Results are presented for the axisymmetric stagnation point, Goldberg192 and Goldberg and
Sc:tla1 » have Jeveloped a series expansion solution for the viscous layer stagnation region
for equilibrium air with mass transfer, A Sutherland viscosity law is used and Lewis and

Prandtly number are constant, Results are presented for a variety of wall conditions and

Reynolds numbers,

Kaows has done a comparison of inviscid, viscous layer and third-order boundary layer

theory for the stagnation region. Results are presented for Reynolds numuers (based on shock
viscosity) of 16,100 and 1, 000, Probstein and Kemp1 " have used the constant density
assumption to vbtain the viscous layer stagnation region solution for an ideal gas, Lemu'd1 %
has develcyed a merged layer stagnation point solution for an ideal gas, Wei197 has used

the method of inner and outer expansions to obtain the viscous !ayer solution on a slender

body for an id~al gas. ’i;"‘ald‘rou198 has used a perturbation tecknique to obtain the viscous layer

solution for an ideal gas on a slender body, Heat transfer results are presented.

3.1.2,3.2 Nonequilibrium Gas _
The viscous layer merged layer problem for a nonequilibrium gas is treated by Cheng
Cheng also developed a numerical solution for the stagnation region and presents results for

199

a binary gas.
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Shih and Krupp200 have solved the viscous layer stagnation region problem for an ideal

dissociating gas using the series expansion method and numerically integrating the ordinary

differential equatinns.

Chungzo1 has developed a viscous layer stagnation region solution for a binary gas and Chung
et al.20 have developed a merged layer st.gnation region solution for a binary gas. Lee and

2
Zierten 03 have developed a merged layer stagnation region solution for air by superimposing

on frozen flow ficld as calculated by Chung's method.
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In Figures 3-1 through 3-10 the contrast between equilibrium and nonequilibrium effects at
an altitude of 150 kilofeet is demonstrated by ploiting the streamwise variation of the flcw
properties against the distance along the body surface for three streamlines wl ‘h intersect
the bow shock at angles of approximately 50, 70,and 89 degrees. In sequence, these plots
show this variation for the pressure, temperature, density, velocity component parallel

to the surface (all normalized by the corresponding free stream quantities), and the number
‘ens.ties of molecular oxygen, molecular nitrogen, atomic nitrogen, atomic oxygen, nitri»
cxide.and electrons, Before proceeding Lo a brief discussion of some of the more interesting
aspects of these results, it should be pointed out that in Figure 3-1, due to the positive
normal pressure gradient in the nose region, the higher shock angle streamlines initially
expand more rapidly; however, in the over-expansion region this trend is reversed prior to

converging at the cone surface pressure value,

For the nonequilibrium results shown in Figures 3-1 through 3-10, it may be noted that \he
flow on the 89 degree streamline is almost in equilibrium at the first normal, This is caused
by its passage through the near stagnation region. At ihis point oxygen is almost entirely
dissociated, As the flow continues to expand over the nose, atomic oxygen freezes in the
nonequilibrium case, whereas for equilibrium it begins to recombine. This single feature,
more than any other, determines the nonequilibrium effects which are .ndicted in these

results,

In Figures 3-11 through 3-25, nose bluntness and altitude effects on the nonequilibrium flow
properties are shown by plotting the flow properties against shock layer thickness, with

altitude as a parameter, for tl.ree selected normals located along the body surface at sb/RN
equal to 0,4982, 61.25,and 24.,.3. Sequentially in groups of three, the normal profiles are .
giver for the pressure, tempera’ure, density,and velocity parallel to the surface (all normalized

by the corresponding free stream quantity) and the electron aumber density, Profiles of the

e

remaining species number densities are presented in Table 3-4, 3-5, and 3-6 for the different
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